INTRODUCTION
A crucial problem for nursery managers in growing containerized seedlings results from blank containers. If the overall germination and survival rate is low and a single seed is planted in each container, the number of blank containers will be high, and the cost of carrying these blanks may be unacceptable. Because of the high cost of growing containerized seedlings, efficient methods are needed to deal with the problem caused by blank containers.
The proportion of blank containers can be reduced by planting more than one seed in some or all containers. However, this remedial action requires the sowing of additional seeds and will result in multiple excess seedlings for some containers, which must be thinned and discarded or replanted.
Thus, the nursery manager needs a sowing strategy that deals effectively with the problem of blanks. But the strategy must not impose a severe penalty in terms of additional seed-related and thinning costs.
In this paper we present an interactive computer program (CONSOW) that enables the user to choose an optimal sowing strategy. The strategy is optimal in the sense that it minimizes a penalty function which reflects the cost of carrying blank containers and costs of remedial actions taken to combat the problem of blanks.
CONSOW, written in the programming language BASIC, was developed on a Hewlett-Packard 9830A microcomputer. The 9830A version is one of many versions of BASIC that exist today, and most are machine-dependent. Therefore, some modifications might be necessary to run CONSOW on other computers.
CONSOW was also written in ANS FORTRAN IV-1977. This program is not interactive, as is the BASIC version, but the input variables are entered on cards and the job is run in the batch mode. Both programs are punched on cards and copies can be acquired from the Southern Forest Experiment Station, Biometrics Branch, T-10210 U.S. Postal Services Building, 701 Loyola Avenue, New Orleans, Louisiana 70113.
SOWING STRATEGIES
Choosing a sowing strategy amounts to specifying valuesO6Xj61,ZjXj = 1Q = 1,2,...,n)whereXj = fraction of total number of containers in which j seeds are planted. In practical container operations the number of seeds does not generally exceed three, so it is only necessary to choose values for X1, Xz, and Xa. In practice, containers may be grouped in trays or blocks of 70 to several hundred individuals, in which case Xj refers to the fraction of trays or blocks in which each container receives j seeds.
In this paper, sowing is presumed to be accomplished by a widely used technique employing a vacuum-operated seeder (Carlson, 1979) . This type of seeder uses a vacuum to hold single seeds over holes in a template. When the vacuum is released, the seeds drop into cavities beneath the holes. A sowing strategy is accomplished by making j passes over (M) (Xj) trays, where M = total number of trays and j = 1, 2, 3.
The program provides two sowing options for producing a given number of seedlings: Option 1. Blank containers are not replanted, but excess seedlings are thinned. Option 2. Use a sowing strategy for which the predicted number of blanks does not exceed the predicted number of excess seedlings. Remove enough excess seedlings to replant blanks, insuring that each cell is occupied, and thin the remaining excess seedlings. 
MATHEMATICAL BASIS OF THE PROGRAM

Explanation of Symbols
The key quantities in a sowing strategy are total number of containers (N), total number of seeds (S), predicted number of plantable seedlings before thinning @), predicted number of plantable seedlings after each occupied cell is thinned to one seedling (Y), predicted number of excess seedlings (E), and predicted number of blank containers (B). These quantities are computed as follows in terms of germination and survival rates and sowing frequencies: where i)ij = estimated probability of producing i plantable seedlings given that j seeds were planted (i = 0, 1, 2, 3; j = 1, 2, 3; i < j).
These probabilities may be estimated with the binomial formula Pij = j! m@Y(l-pY-ii = 0,1,2 ,..., j, . . where 6 = estimated germination and survival rate. In practice, this estimate will often represent an overall average germination and survival rate for a composite of seedlots. Naturally, the reliability of the estimate is influenced by the amount of variation within and among seedlots, but will usually not be quantified because of the lack of estimates for these variances. For a discussipn of the validity of using this model to compute the Pij's see Pepper and Barnett (1981a) .
Cost Components of a Penalty Function
It is neither realistic nor necessary to identify all costs that might occur in the production of a containergrown seedling. Rather, a function is defined to reflect the penalty when blanks occur and remedial actions are taken.
As a point of departure, consider the extreme case of perfect seed and seedling performance with 100 percent germination and survival. In this case, a single seed is planted in N cells and N seedlings are produced; no thinning is necessary and no blanks occur. Thus, the seed-related cost for the first N seeds is not regarded as a penalty. But in reality, blanks do occur and the sowing strategy chosen aims to reduce blanks. The additional number of seed required is S -N and the additional cost is (C,d + C,,) (S -N) where C,d = cost per seed and C,, = cost per seed for sowing. The cost of carrying blanks and/or replanting blanks is (Cb) (number of blanks carried) + (C,) (number of blanks replanted) where Cb = cost per cell for carrying blanks and C, = cost per cell for removing the required number of excess seedlings and replanting blanks. The cost for thinning excess seedlings is (C,) (number of excess seedlings) where Ct = cost per seedling for thinning seedlings not used for replanting blanks. It is assumed that the cost of sowing is the same for each seed. This assumption seems logical since the seeder must make a pass over the tray of cells for each seed planted per cell. The cost for thinning is assumed to be the same for each seedling. The cost of replanting a blank cell consists of the cost of removing an excess seedling from another cell and transplanting it to the blank cell. The mortality of transplanted seedlings is assumed to be negligible. The cost of carrying a blank cell is defined as the cost of the container plus the cost of the medium. Container costs vary according to the type and the number of times that they can be reused. For a discussion of the above assumptions see Pepper and Barnett (1981b).
The sum of the independent contributions of the coinponents described above is the total penalty, including the cost of blanks and the cost of remedial actions to reduce blanks. CONSOW enables the user to choose a strategy (X1, X2, X3) to minimize the predicted total penalty.
The formula for calculating predicted penalty depends on the sowing option used. For Option 1 the predicted penalty is 
Constraints on Sowing Frequencies
The first step in formulating a container sowing problem specifies the required number of seedlings (YR) to be produced and the number (N) of containers. In the case of Option 1, X1, X2, X3 will be chosen to minimize the predicted penalty subject to the constraint that the predicted number of seedlings is not less than the required number. Mathematically, the problem is to minimize P, = (N) (&X1 + C2X2 + C3X3), subject to Since the penalty function and constraints are linear in the X's and the constraints define a convex set of admissable solutions, linear programming can be used to determine the optimal solution. Solutions at corners or vertices of the set of admissable solutions are termed extreme points in linear programming problems and are known to be the only candidates for optimality. Since the number of extreme point solutions is small, the optimal one can be found by inspecting the value of the penalty function at each of these.
In linear programming problems of greater complexity with large numbers of extreme points, iterative procedures, usually computer-oriented, lead to optimal solutions without examining each extreme point in the set of admissable points.
USING THE PROGRAM
User-Supplied Information
CONSOW prompts the user for values of 13 variables that deal with costs, alternatives for program changes, sowing options, and rates of survival. The first variable needed in the program is the option variable. A value of 1 (transplanting-no) or 2 (transplanting-yes) is entered for Option 1 or 2 respectively.
The next required variable is the germination and survival rate (p), which is entered as a decimal fraction between 0.00 and 1.00.
In Option 1, four different costs are entered. They are the cost per thousand seeds (C&J, cost per thousand seeds for sowing (C,,), cost per thousand seedlings for thinning seedlings not used for replanting blanks (Ct), and the cost per thousand cells for carrying blank cells (Cd.
In Option 2, three of the costs are identical: Cost per thousand seeds, cost per thousand seeds for sowing, and cost per thousand seedlings for thinning seedlings not used for replanting blanks. The only difference is that the cost of carrying blank cells is replaced by the cost per thousand seedlings for removing the required number of excess seedlings and replanting blank cells (C,). In Option 1, blank cells are not replanted.
The required number of seedlings per container (Yn), found by dividing the required number of seedlings by the total number of containers available, must be entered. This number is to be distinguished from the predicted number of seedlings (y) per cell.
The remaining variables deal with altering the user-supplied variables. There are a series of 5 questions to be answered yes or no. The first question deals with whether or not changes will be made. If not, the program will end. Any combination of the remaining four independent alternatives is possible. The alternatives are: (1) begin a new page, (2) change the germination and survival rate, (3) change the cost coefficients and (4) change the required number of seedlings per container in Option 1.
Operations Performed by the Program
CONSOW is divided into two sections, a section for Option 1 and a section for Option 2. The operations in each section are similar; only the sets of cost coefficients are different, and the predicted number of seedlings is calculated after thinning for Option 1 and before thinning for Option 2. The operations can be identified by comment statements in the listing of the program in Appendix 1.
The program performs the following operations:
(1) Prompts the user for a choice of options and prints the appropriate headings.
(2) Given the germination and survival rate, the binomial probabilities, needed in the constraints and prediction equations, are calculated and summed.
(3) Prompts the user for the cost of seeds, the cost of sowing, and the cost of thinning excess seedlings not used for replanting blanks.
(4) For Option 1, prompts user for required number of seedlings per container to be produced and for the cost per thousand cells of carrying blank cells. For Option 2, the user supplies the cost per thousand seedlings for removing the required number of excess seed-lings and replanting blank cells. The required number of seedlings per container is set to one in Option 2 because all of the blank cells are replanted with the thinned seedlings.
(5) Determines all extreme point solutions, i.e. sets of values for Xi, X2, and X3 satisfying specified constraints.
(6) Determines the expected number of excess seedlings per cell, the predicted number of plantable seedlings per cell after thinning for Option 1 and before thinning for Option 2, and the average number of seeds per cell.
(7) Calculates cost coefficients for the penalty function, the penalty per thousand cells in dollars, and the penalty per thousand seedlings in dollars. The final tables are printed for the option selected.
(8) Alternatives are given to end the program or to analyse a new problem with new linear programming model parameters.
An Example
Suppose Option 1 is used in an operation requiring 300,000 seedlings. Assume that p = 0.7 and cost values are Csd = $1.70 per 1,000 seeds, C,, = $4.04 per 1,000 seeds, Ct = $8.37 per 1,000 seedlings' and Cb = $13.00 per 1,000 cells'. The decision is made to use N = 375,000 containers for a mean yield of 300,000/ 375,000 = 0.8 seedlings per container.
Appendix 2 provides a computer printout containing an exhaustive list of four extreme point solutions for this problem. For each extreme point solution penalty per thousand containers is computed P, = ClXl + &X2 + &X3, where Cj's are calculated as shown in equation 181. Penalty per thousand seedlings produced is P, = P,/P. By computing penalty values at each extreme point we 'These estimates were provided by the Stuart Containerized Seedling Project, Kisatchie National Forest, Pollock, LA. This project is administered by the Range, Timber and Wildlife Division, National Forest System, Region 8, Atlanta, GA. find that (X1, Xz, Xs) = (0.52,0.48,0.00) produces the smallest value. The theory of linear programming assures us that this choice of X's produces the absolute minimum penalty for the given set of constraints.
Suppose Option 2 is used in an operation requiring a yield of 375,000 seedlings with 375,000 containers. This obviously implies Pa = 1. Assume that cost values are the same as above except that Cb is replaced by C, / = $16.79 per thousand cells2. Appendix 2 shows an exhaustive list of four extreme point solutions for p = 0.7 and Ya = 1. The optimal solution is (Xi, X2, X3) = (0.57,0.43,0.00). For Option 2, the total number of plantable seedlings per cell (Z) includes excess seedlings which are used to replant blanks.
The example above shows how an optimal sowing strategy is found for a specified germination and survival rate and a given set of costs. The program can also be used to study the effects of changing these parameters. For example, a user might wish to see how optimality changes for a given set of costs as the germination and survival rate is improved, or how optimality and penalty change as costs change. -------------------------- 
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